The thermoelectric properties were examined of SiC specimens prepared by mixing -SiC powder with B 4 C, C, and Al 2 O 3 and then sintering at 2100 C. Sintered specimens containing Al 2 O 3 up to 3% with 0.5% B 4 C and 2.5% C exhibited the highest densities. The electrical conductivities of these specimens increased with the Al 2 O 3 content up to 3%. In contrast, the Seebeck coefficients of these specimens decreased with the addition of 1% Al 2 O 3 , but then barely decreased with the further addition of Al 2 O 3 . The maximum value of the power factor, 9:43 Â 10 À4 W/mK 2 at 800 C, was obtained with specimens sintered with 3% Al 2 O 3 as well as B 4 C and C. These results showed that the power factor of SiC ceramics could be enhanced by adding proper amounts of B 4 C, C, and Al 2 O 3 into them.
Introduction
It is becoming necessary to reuse or recycle the enormous amount of thermal energy that is discharged to the atmosphere as waste heat. Thermoelectric power generation by using the Seebeck effect, which permits the direct generation of electric power from heat, is an effective technique for utilizing thermal energy that would otherwise be wasted.
SiC ceramics are widely used as high-temperature structural materials because they have the characteristics of being highly resistant to heat, oxidation, and corrosion. On the other hand, SiC ceramics cannot readily be sintered. Therefore various sintering additives for SiC have been investigated actively. [1] [2] [3] [4] [5] [6] [7] So far, it has been shown that dense SiC ceramics can be obtained by sintering at 2100-2150 C with B and C additives. 1) Industrial products containing SiC ceramics are normally produced by this method. SiC powder can also be sintered with oxide additives, such as Al 2 O 3 2-4) or Al 2 O 3 -Y 2 O 3 . 5, 6) However, it is difficult to achieve complete densification by normal sintering with oxide additives, because the oxides react with SiC to produce volatile SiO and CO gases. In contrast, Tanaka et al. 7) have reported that complete densification of SiC powder is possible by normal sintering with AlB 2 and C at C. This sintering temperature is C below that which is required with B and C additives. AlB 2 and C in SiC are believed to form a liquid phase below 1800 C, and the presence of Al, which dissolves in the SiC grains, has been confirmed by energydispersive X-ray analysis. 7) SiC has many polytypes, such as 3C, 4H, and 6H, which are characterized by three layers of periodic cubic SiC, four layers of periodic hexagonal SiC, and six layers of periodic hexagonal SiC, respectively. It is well known that 6H-SiC can be transformed into 4H-SiC or 3C-SiC by the addition of Al or N to the SiC grains. 8) The performance of thermoelectric materials is generally evaluated in terms of the figure of merit, Z, which is given by the following equation:
where is the electrical conductivity, is the Seebeck coefficient, and is the thermal conductivity. To improve the efficiency of conversion of thermal energy into electrical energy by a thermoelectric material, Z should have a large value. However, SiC is well known to be a material with a high thermal conductivity of . This large value of results in small values of Z. In the case of power generation, which can produce enormous amounts of waste heat, materials with a high power output are required because the waste heat is free.
9) The output performance is therefore evaluated in terms of the power factor, P, which is given by the following equation:
Here, the term for the thermal conductivity, , is omitted. Although SiC can be used in the temperature range of 500-800 C, a further improvement in its thermoelectric performances is required, because the values of the electrical conductivity, the Seebeck coefficient, and the power factor in the p-type SiC materials that are currently available are not sufficiently high, i.e., they are of the order of magnitude of 10 S/m, 200-500 mV/K and 10 À7 to 10 À5 W/mK 2 , respectively, in this temperature range. 10, 11) The electrical properties of SiC sintered with the addition of AlB 2 and C have been reported by Okano. 12,13) AlB 2 comprises elements that can form acceptor impurities in SiC. However, the thermoelectric properties of this material at high temperatures have not been clarified. In addition, AlB 2 is not suitable as a practical additive because it is very expensive. It had been predicted that the electrical conductivity of SiC could be improved by using cheap Al 2 O 3 , B 4 C, and C, which are popular sintering additives, instead of expensive AlB 2 . We therefore studied the thermoelectric properties of SiC containing various amounts of B 4 C, C, and Al 2 O 3 additives and we report the effects of these additives on the thermoelectric properties of SiC.
Experimental Procedure
The starting materials that we used were -SiC (OY-15B, Yakushima Denko Co., Ltd.) with a mean grain size of 0.72 mm, Al 2 O 3 (UA5105, Showa Denko Co., Ltd), B 4 C (F-1, DENKA Co., Ltd), and phenol resin (PL-5601, Gun Ei Chemical Industry Co., Ltd.). Table 1 shows the chemical analysis of the -SiC powder. The phenol resin was in a liquid state and was converted into C during sintering.
Four types of specimen were prepared here. Table 2 shows the compositions of various mixtures. The powders were mixed in a polyethylene container with ethanol as the medium and then dried. Additive-free SiC and the mixed powders were compacted in a cold isostatic press at a pressure of 150 MPa. The specimens were then sintered at 2100 C for 2 h in a carbon-resistance furnace under an argon atmosphere. The specimens with a size of about 70 Â 40 Â 8 mm, were cut into rectangular-shaped specimens measuring 3 Â 4 Â 20 mm. The bulk density of these specimens was measured by the Archimedes method.
The crystal structure of the specimens was analyzed by means of X-ray diffraction (XRD; Rigaku, RINT2000). The microstructure of the specimens was observed by scanning electron microscopy (SEM) after etching with an aqueous solution of K 3 Fe(CN) 6 and NaOH. The concentration of Al was measured by electron probe microanalysis (EPMA: JXA-8900R, JEOL). The electrical conductivity and Seebeck coefficient were measured at 400-800 C by using a thermoelectric meter (ZEM-1, Sinku-riko, Inc.). The specimens showed ohmic contacts during the measurements. Figure 1 shows the dependence on the B 4 C concentration of the relative density and the mass loss per unit mass (mass loss rate) of the B-C specimens. The relative density of the additive-free specimen ( ) was 61% (the theoretical density of SiC is 3.21 g/cm 3 regardless of the crystal structure). The density improved markedly up to 99% for the 0.5B-C specimen. Although the relative densities of the B-C specimens ( ) decreased slightly with increasing amounts of B 4 C, even that of the 5B-C specimen retained a high value of 97%. The mass loss rate during sintering was 2% in the additivefree specimen ( ), and 4-5% in the B-C specimens ( ). Figure 2 shows the dependence on the Al 2 O 3 concentration of the relative density and the mass loss per unit mass (mass loss rate) of the Al specimens and the Al-B-C specimens. The densities of all the Al specimens ( ) were the same as that of the additive-free specimen ( ). As shown in Fig. 1 , the relative density of 0.5B-C specimen ( ) was 99%. Although the relative densities of the Al-B-C specimens ( ) decreased linearly and gradually with increasing amounts of Al 2 O 3 up to 3%, retaining a high value of 97%. The relative density decreased considerably on the addition of more than 3% of Al 2 O 3 , and the relative density of the 5Al-B-C specimen decreased to 85%. This shows that densification of the Al-B-C specimens is inhibited by the addition of excessive amounts of Al 2 O 3 . This decrease in relative density is also observed in sintered SiC samples containing AlB 2 and C.
Experimental Results
7) The mass-loss rates of the Al specimens ( ) increased with increasing amounts of Al 2 O 3 , reaching 8% for the 5Al specimen. Because the mass loss rate of the additive-free specimen ( ) was 2%, that for the 5Al specimen showed an additional increase of 6%. The mass loss rates of the Al-B-C specimens ( ) increased with increasing amounts of Al 2 O 3 , reaching 10% for the 5Al-B-C specimen. The mass loss rate for the 5Al-B-C specimen also increases substantially, reaching 6% compared with 4% for the 0.5B-C specimen ( ). This result suggests that additional Al 2 O 3 is lost as a gas, regardless of the presence or absence of B 4 C and C additives. This point will be discussed later. Figure 3 shows XRD patterns for the SiC starting powder, the B-C and the Al specimens. These patterns do not change in the presence of additives, and diffraction peaks corresponding to 6H-SiC predominate. In contrast, as shown in Fig. 4 , diffraction peaks corresponding to 4H-SiC 14) become more intense in the Al-B-C specimens. In the 3-5Al-B-C specimen, the main diffraction peak corresponding to 4H-SiC at around 2 ¼ 34:8 is more intense than that corresponding to 6H-SiC at around 2 ¼ 35:7 . Figure 5 shows SEM images of the etched surface for (a) the 0.5B-C specimen and (b)-(f) the Al-B-C specimens. The microstructure of the 0.5B-C specimen consists of elongated grains measuring several dozen microns and small grains measuring several microns. This microstructure is frequently observed in SiC ceramics containing dissolved Al atoms. 15) In other word, this microstructure of B-C specimens may be affected by the 0.08% mass fraction of Al that is present as an impurity in the starting SiC powder, because no Al was added to the B-C specimens. A microstructure in which elongated grains are connected in a stitch-like form is observed in specimens sintered with the comparatively large amounts of Al 2 O 3 in these experiments. The size of those grains increased with the addition of up to 3% of Al 2 O 3 . The number of all grains in Figs. 5-(a) to 5-(d) was counted in order to confirm the existence of grain growth in the Al-B-C specimens. As the result, the numbers of grains in the 0.5B-C specimen and the 1 to 3Al-B-C specimens were approximately 300, 240, 120, and 80, respectively. On the other hand, these elongated grains should consist mainly of 4H-SiC, because the intensity of the diffraction peak for 4H-SiC also increases with increasing amounts of Al 2 O 3 . Changes in the density and microstructure are similar to those in SiC ceramics sintered with additional AlB 2 and C. 7) These results show that the structural characteristics of SiC ceramics are controlled by the amounts of B 4 C and Al 2 O 3 that are added.
The temperature dependence of the electrical conductivity, the Seebeck coefficient, and the power factor of the B-C specimens and the Al specimens are shown in Figs. 6-(a), 6-(b), and 6-(c), respectively. As shown in Fig. 6-(a) , the electrical conductivities of the specimens sintered with the additives were larger than that of the additive-free specimen, and those of the B-C specimens were larger than those of the Al specimens. In addition, the electrical conductivities of the B-C specimens decreased with increasing amounts of B 4 C addition. On the other hand, the electrical conductivities of the Al specimens were almost independent of the amount of added Al 2 O 3 . Figure 6-(b) shows that all the specimens showed a p-type property, because the values of the Seebeck coefficient were all positive. The additive-free specimen also showed a p-type property. This property of the additive-free specimen may be due to the presence of Al as an impurity in the SiC starting powder. The Seebeck coefficients of the B-C specimens decreased with increasing temperature, and those of the Al specimens increase with increasing temperature. The reason for this has not yet been clarified, but the Seebeck coefficients of p-type SiC reported previously 10, 11) increased with increasing temperature. The differences between the Seebeck coefficients of the B-C specimens and those of the Al specimens decreased with increasing temperature. The Seebeck coefficient of the additive-free specimen showed a value intermediate between those of the B-C specimens and those of the Al specimens.
The thermoelectric property was evaluated from the power factor calculated from the measured values of the electrical conductivity and the Seebeck coefficient in this study. As shown in Fig. 6-(c) , the power factor increased on addition of B 4 C and C or addition of Al 2 O 3 . As a result, the values of the power factor at 800 C of the 0.5B-C specimen and the 3Al specimen, which were the largest values for B-C specimens and Al specimens, respectively, were twelve times and three times larger, respectively, than that of the additive-free specimen. Figure 7 shows the temperature dependence of the electrical conductivity of the Al-B-C specimens in comparison with the values for the additive-free specimen, the 0.5B-C specimen, and the p-type SiC reported previously. 10, 11) The electrical conductivities of the B-C specimens are an order of magnitude larger than that of the additive-free specimen at all the temperatures examined, as shown in Fig. 6-(a) . The electrical conductivity increased with increasing amounts of Al 2 O additive up to 3%, but decreased on addition of more Al 2 O 3 . As a result, the maximum value of the electrical conductivity of 3:8 Â 10 3 S/m at 800 C was obtained for the 3Al-B-C specimen. This value was 50 times larger than that of the additive-free specimen and of a p-type SiC 11) that was sintered with the addition of only B powder. Furthermore, although not shown in the figure, an electrical conductivity of 1:6 Â 10 2 S/m at 200 C was obtained for the 3Al-B-C specimen. This value is 150-200 times larger than the value at 200 C for p-type dense SiC ceramics sintered with the addition of AlB 2 and C. 13 ) Figure 8 shows the temperature dependence of the Seebeck coefficient of the Al-B-C specimens in comparison with the values for the additive-free specimen, the 0.5B-C specimen, and the p-type SiC reported previously. the results given in Fig. 6-(b) . The Seebeck coefficients of the additive-free specimen and the 0.5B-C specimen, to which Al 2 O 3 had not been added, were relatively large (610 mV/K at 800 C) compared with the specimens containing Al 2 O 3 as an additive. On the other hand, the Seebeck coefficients of the Al-B-C specimens showed distributed values in the lower temperature range, while they showed almost the same value of approximately 500 mV/K at 800 C. Although the values of 500 mV/K at 800
C is approximately 20% less than those of specimens that did not contain added Al 2 O 3 , this value is equal to or larger than that for the p-type SiC that was reported previously. 10 ,11) Figure 9 shows the temperature dependence of the power factor of the Al-B-C specimens in comparison with the values for the additive-free specimen, the 0.5B-C specimen, and the p-type SiC reported previously. 10, 11) The power factor is markedly improved by the addition of B 4 C, C, and Al 2 O 3 . The maximum value of the power factor of 9:43 Â 10 À4 W/ mK 2 at 800 C was shown by the 3Al-B-C specimen. This value is 30 times larger than that of the additive-free specimen and 50 times larger than the maximum value at 800 C for p-type SiC sintered with the addition of only B powder.
11)
4. Discussion 4.1 The effects of B 4 C and C on the thermoelectric properties The additive-free specimen was porous because SiC is a material that is hard to be sintered. In contrast, the B-C specimens were densified as a result of the effect of B 4 C and C, which are usually used as sintering additives (Fig. 1) . The effects of B and C on the sintering of SiC are explained as follows.
15) The surface of the SiC powder is covered with SiO 2 . C removes the SiO 2 by reduction during the sintering process. Consequently, the surface energy of the SiC powder increases. B, which exists at the grain boundary, decreases the energy of the grain boundary. The connectivity of grains is also improved by neck growth, which occurs during sintering as an effect of the addition of B 4 C and C in this experiment. On the other hand, as shown in Fig. 6-(a) and Fig. 6-(b) , although the electrical conductivity of the 0.5B-C specimen markedly increases in comparison with that of the additive-free specimen, the Seebeck coefficient hardly changes with the addition of B 4 C and C. The value of the Seebeck coefficient depends on the physical properties of the materials, and it is not related to the shape of the specimens. That is, the Seebeck coefficient should not be affected directly by a variation in the density. Therefore, the increase in the electrical conductivities of the B-C specimens can be attributed to the densification and to the improvement in the connectivity of the grains.
The effect of Al 2 O 3 on the thermoelectric properties
The electrical conductivities of the 1Al specimen and the 1Al-B-C specimen, which contained 1% of Al 2 O 3 as an additive, were compared in order to elucidate the effects of the addition of Al 2 O 3 . Compared with the additive-free specimen, the electrical conductivity of the 1Al specimen was increased by a factor of 12 at 400 C and a factor of 3.4 at 800 C. The ratio of the increase in electrical conductivity is equal to that between the 0.5B-C specimen and the 1Al-B-C specimen. This result shows that the electrical conductivities of the 1Al specimen and 1Al-B-C specimen are enhanced by the addition of 1% of Al 2 O 3 . In contrast, the Seebeck coefficients of these specimens decreased on addition of 1% of Al 2 O 3 . The Seebeck coefficient is a function of carrier density, and decreases with increasing carrier density. Therefore, the increase in the electrical conductivities on addition of 1% Al 2 O 3 might be due to the increase in the content of Al, which acts as a carrier donor.
Mulla et al. 3) have reported that a weight loss in sintering occurs as a result of reactions between SiC and Al 2 O 3 , as shown below.
Because the mass loss increased with increasing amounts of added Al 2 O 3 in the current experiments, it is likely that SiO, Al 2 O, and CO gases are produced by the reactions corresponding to eqs. (3)-(5). In particular, it is probable that the reaction shown in eq. (5) occurs in specimens containing Al 2 O 3 as an additive, because this reaction simultaneously produces CO gas, a factor in the mass loss, and results in the formation of Al atoms, which dissolve in the SiC grains.
On the other hand, as shown in Fig. 4 , the intensities of the diffraction peaks of 4H-SiC in the Al-B-C specimens increased with the addition of Al 2 O 3 . This shows that the dissolution of Al atoms in the SiC grains is promoted by the addition of Al 2 O 3 to the Al-B-C specimens, because 4H-SiC is stabilized by the dissolution of Al atoms.
8) The atomic ratio of Si and C should be almost 1 : 1 in these experiments, because the stoichiometric ratio in SiC is 1 : 1. The result by EPMA of the Al content in the Al-B-C specimens showed a Si/C atomic ratio of approximately 4 : 1, which suggests that an accurate value for C could not be obtained, because the detection sensitivity of EPMA is low for light elements such as C. In this study, the amount of Al atoms dissolved in SiC was estimated semiquantitatively from the ratio of Al to Si, obtained by quantitative determination. Figure 10 shows the dependence of the Al content on the Al 2 O 3 concentration in the Al-B-C specimens. The Al content in the 0.5B-C specimen ( ) was 0.02 mass%. This result indicates that the Al atoms that were originally present in the SiC starting powder almost transpired during sintering, because the Al content in the SiC starting powder was 0.08%. The Al content in the Al-B-C specimens increased with increasing amount of Al 2 O 3 up to 3%. This tendency was similar to that shown by the electrical conductivity.
The Seebeck coefficients barely decreased, even when the amount of additional Al 2 O 3 was increased. Nevertheless, the electrical conductivities of the Al-B-C specimens increased with the addition of up to 3% of Al 2 O 3 . This can be explained in terms of changes in microstructure rather than in carrier density, because all the additives treated in this study act as sintering additives. Although the relative densities of the Al-B-C specimens decreased slightly with increasing amounts of Al 2 O 3 up to 3%, grain growth occurred with addition of up to 3% of Al 2 O 3 . The number of grain boundaries in the Al-B-C specimens decreased as a result of this grain growth. The decrease in the number of grain boundaries brings about an increase in the electrical conductivity, because charge carriers are scattered by the grain boundaries.
Summary
To improve the thermoelectric properties of p-type SiC ceramics, SiC powders containing various amounts of B 4 C, C, and Al 2 O 3 additives were sintered. The effects of the additives on the thermoelectric properties of the resulting ceramics were investigated. The results are summarized as follows.
(1) The specimens sintered with up to 3% of Al 2 O 3 in addition to 0.5% B 4 C and 2.5% C exhibited a high density.
(2) The electrical conductivities of the Al-B-C specimens increased with the addition of up to 3% of Al 2 O 3 . The Seebeck coefficients of these specimens decreased with the addition of 1% of Al 2 O 3 , but did not then decrease further as the amount of Al 2 O 3 was increased.
(3) Owing to the enhancement in the electrical conductivity, the maximum value of the power factor of 9:43 Â 10 À4 W/mK 2 at 800 C was obtained for a sintered specimen containing 0.5% of B 4 C, 2.5% of C, and 3% of Al 2 O 3 as additives. This value is 30 times larger than that of the additive-free specimen and 50 times higher than the maximum value for the p-type SiC reported previously, which was sintered with the addition of B powder only. These results showed that the power factor of SiC ceramics can be enhanced by adding proper amounts of B 4 C, C and Al 2 O 3 into them.
